Conditions for the production of tryptophanase from Achromobacter liquidum and for the conversion of L-serine and indole to L-tryptophan were studied. The enzyme could be produced in amnounts as great as 0.750 U/ml (degradation) and 0.294 U/ml (synthesis) by shaking cultures at 30°C in a medium containing dextrin, yeast extract, L-tryptophan, and L-glutamic acid. L-Tryptophan was produced most efficiently by shaking the cells at 37°C in a reaction mixture containing 60 mg of L-serine per ml, 60 mg of indole per ml, and 0.5 mM pyridoxal phosphate. After 3 days, 96 mg of L-tryptophan per ml was formed, and L-tryptophan was easily isolated to 85.4% yield by concentration of the reaction mixture.
Conditions for the production of tryptophanase from Achromobacter liquidum and for the conversion of L-serine and indole to L-tryptophan were studied. The enzyme could be produced in amnounts as great as 0.750 U/ml (degradation) and 0.294 U/ml (synthesis) by shaking cultures at 30°C in a medium containing dextrin, yeast extract, L-tryptophan, and L-glutamic acid. L-Tryptophan was produced most efficiently by shaking the cells at 37°C in a reaction mixture containing 60 mg of L-serine per ml, 60 mg of indole per ml, and 0.5 mM pyridoxal phosphate. After 3 days, 96 mg of L-tryptophan per ml was formed, and L-tryptophan was easily isolated to 85.4% yield by concentration of the reaction mixture.
Tryptophanase is known as a pyridoxal phosphate-dependent (16), multifunctional enzyme which catalyzes the stoichiometric conversion of L-tryptophan to pyruvate, ammonia, and indole (equation 1) ahd catalyzes an a,,B-elimination reaction (equation 2) and a p-replacement reaction (equation 3) for several amino acids (11, 12) : L-Tryptophan CH3COCOOH + NH3 + indole (1) RICH2-CH-COOH + H20 NH2 R1H + CH3COCOOH + NH3 (2) RICH2-CH-COOH + RIIH NH2 R1H + RI1CH2-CH-COOH NH2
(Rj, -OH, -SH, -Cl, indolyl radical; RI,, indolyl radical). Since tryptophanase-forming microorganisms were found, a number of microbial production methods (9, 10, 15) have been investigated. No report, however, has appeared on the application of this enzyme for the production of Ltryptophan from L-serine and indole.
In this paper, an enzymatic procedure which utilized tryptophanase for the production of Ltryptophan from L-serine and indole is presented.
MATERIALS AND METHODS
Organisms. Achromobacter liquidum OUT 8012 from the collection in this laboratory was selected for the fermentation experiments.
Fermentation. Unless otherwise noted, the medium contained 1% dextrin, 1% yeast extract, 0.2% Ltryptophan, 0.1% KH2PO4, 0.05% Na2HPO4 * 12H20, and 0.1% MgSO4 * 7H20. The medium was adjusted to pH 7.0 with NaOH, distributed in 200-ml amounts to 500-ml flasks, and sterilized. Culturing was carried out for 24 h at 30°C with reciprocal shaking (140 cpm, 8-cm stroke).
Methods of analyses. The assay of tryptophanase activity was carried out by the method of Morino and Snell (8) . Cells were harvested from the 200-ml culture broth, washed with distilled water, and suspended in 200 ml of cold water. The intact cells were used as the source of enzyme. The assay reaction mixture contained 8 mM L-tryptophan, 0.1 mM pyridoxal phosphate, 0.1 M potassium phosphate buffer (pH 9.0), 0.05% polyoxyethylene-octylphenyl ether (OP-10), and 0.05 ml of cell suspension in 0.5 ml. The reaction mixture was incubated for 10 min at 37°C. The reaction was stopped by the addition of p-dimethylaminobenzaldehyde solution (14.7 g ofp-dimethylaminobenzaldehyde was dissolved in 948 ml of ethanol, and 52 ml of sulfuric acid was added). Isolation of L-tryptophan. L-Tryptophan was isolated as follows. We diluted the reaction mixture (100 ml) 10 times to dissolve precipitated L-tryptophan, adjusted the pH to 6.5 with HCI, added 1% charcoal, heated the mixture at 80°C for 20 min, and filtered it. The filtrate was concentrated under reduced pressure until it was nearly dry. Crude crystals were collected by filtration and were recrystallized from water to give L-tryptophan.
Chemicals. Unless otherwise specified, all chemicals were Katayama (Osaka) certified reagent grade. RESULTS Culture conditions for tryptophanase formation by A. liquidum. Tryptophanase formation has been observed for a number of microorganisms from such genera as Escherichia, Erwinia, and Proteus (14) . Of the tested bacteria, A. liquidum possessed the highest activity and was used for subsequent experiments.
To establish the most advantageous culture conditions for the formation of tryptophanase, various culture parameters were investigated.
As it was generally noted that tryptophanase formation was subject to catabolite repression in the presence of glucose or another readily available carbon source (1, 5, 7), dextrin was selected as the carbon source for A. liquidum. The effect of dextrin concentration on tryptophanase formation in A. liquidum is shown in Fig. 1 amount of enzyme formation (0.1 U/ml).
To select the best nitrogen source for growth and enzyme formation, we examined various 3 . Effect of L-tryptophan concentration on tryptophanase formation. Symbols: 0, growth; 0, tryptophanase activity. Except for the concentration of L-tryptophan, all components in the medium were the same as described in the legend to Fig. 1 (Fig. 2) .
As tryptophanase is an L-tryptophan-inducible enzyme, the optimal L-tryptophan concentration for A. liquidum was investigated. In A. liquidum, the amount of enzyme varied with the L-tryptophan concentration (Fig. 3) . The most effective induction was observed at an L-tryptophan concentration of 0.2%.
When the effects of various carboxylic acids on tryptophanase formation in A. liquidum were tested, L-glutamic acid was found to increase the activity. The enzyme activity rose to 0.730 U/ml in the presence of L-glutamic acid, whereas other mono-or dicarboxylic acids examined were less effective: acetic acid repressed the formation of the enzyme, oxalic acid and tartaric acid inhibited cell growth, and the other dicarboxylic acids of the tricarboxylic acid cycle slightly increased cell growth or enzyme activity or both (Table 1) .
To study the effect of L-glutamic acid in detail, we examined the formation of tryptophanase in medium containing L-glutamic acid-related compounds such as DL-a-aminobutyric acid, -y-aminobutyric acid, L-glutamine, or a-ketoglutaric acid.
The addition of DL-a-aminobutyric acid was inhibitory (Table 2 ). -y-Aminobutyric acid and Lglutamine were ineffective. oa-Ketoglutaric acid and L-glutamic acid were effective in increasing the activity.
A typical fermentation of A. liquidum was Fig. 1 in addition to the above organic acids (0.5%). Conditions for production of L-tryptophan from L-serine and indole. For the production of L-tryptophan, L-tryptophan degradative and synthetic activities ofA. liquidum tryptophanase were compared by using cells cultured under the optimal conditions described above. The highest degradative activity of L-tryptophan to pyruvate, ammonia, and indole was seen at pH 7.5 (1.0 U/ml), and the highest synthetic activity producing L-tryptophan from L-serine and indole was obtained at pH 9.0 (0.294 U/ml) (Fig. 4) .
The highest synthetic activity (0.833 U/ml) was obtained in a 10-min reaction at pH 9.0. The enzyme, however, was almost inactivated after a few hours at 57°C, whereas it was stable at temperatures lower than 37°C for at least 3 days in the reaction mixture. Considering the heat stability of the enzyme, it is best to carry out the reaction at 37°C.
The effect of substrate concentration was investigated by shaking the reaction mixture for 3 days. The maximal amount of L-tryptophan accumulated was 140 mg/ml in 3 days from 110 mg of L-serine per ml and 110 mg of indole per ml (Fig. 5 ). When such a high concentration of Ltryptophan accumulated, it precipitated in the reaction mixture without the addition of precipitant (9, 10) .
With the addition of 60 mg of L-serine per ml and 60 mg indole per ml, % mg of L-tryptophan per ml was produced in 3 days; the conversion 
DISCUSSION
Tryptophanase is an L-tryptophan-inducible (although a very few examples of constitutive tryptophanase have been found [2] ), pyridoxalphosphate dependent enzyme which has been found in various bacteria. Since the studies by Hall et al. (4) and others (11, 12) , it has been demonstrated that tryptophanase is a multifunc- Tryptophanase in A. liquidum OUT 8012 was an inducible enzyme which was formed effectively in the presence of L-tryptophan (Fig. 3) . In addition to the effect of inducer, yeast extract markedly increased the amount of the enzyme in A. liquidum. The amount of enzyme increased 5.5-fold with the addition of 2% yeast extract to the medium (Fig. 2) . Besides this effect, we noted an effect of L-glutamic acid in A. liquidum. The amount of enzyme formed increased 1.3-fold with the addition of L-glutamic acid to the medium. This effect appeared to increase the specific activity of the enzyme rather than the total activity, whereas the addition of a-ketoglutaric acid increased the enzyme activity by increasing cell growth (Table 2) . Such an effect of L-glutamic acid on microbial enzyme formation has also been reported in the case of aspartate-,-decarboxylase formation by Pseudomonas dacunhae or A. liquidum (13) .
As it was observed that the addition of aketoglutaric acid, malic acid, fumaric acid, or citric acid had little effect on increasing the amount of the enzyme among the tested Lglutamic acid-related compounds (Tables 1 and  2 ), we suggest that tricarboxylic acid cycle regulation might be closely involved in tryptophanase formation by A. liquidum.
The concentrations of the substrates, L-serine and indole, had the most significant effects on the synthesis of L-tryptophan by A. liquidum tryptophanase through the a-replacement reaction (Fig. 5) . The higher the concentrations of both substrates, the more L-tryptophan was produced. The synthesis appeared to depend more upon L-serine concentration than upon indole concentration.
As we could obtain L-senne from inexpensive glycine (3), this method may provide a practical method for producing L-tryptophan.
